Abstract-Comprehensive investigation of AlInGaP red lightemitting diodes (red LEDs) radiating at 625 nm characteristics and physical processes that take place in device structure during aging has been carried out. Analysis of noise characteristics (the emitting-light power and the LED voltage fluctuations and their cross-correlation factor) shows that investigated red LEDs degradation is caused by defects that lead to the non-radiating recombination increase in the active region or its interfaces. Our results have shown that noise characteristics are more sensitive to the formation of such defects in the red LED structure, and to its degradation.
INTRODUCTION
Nowadays light-emitting diodes (LEDs) span all visible light spectrum and beyond. Different materials are used for the fabrication different color light-emitting devices: phosphidebased materials are used to cover infrared, red-yellow light spectrum regions, while for green-blue, ultraviolet regions, also white LEDs, nitride-based materials are common. All LED applications expects stable and long device operation. Thus, advances in LED quality and lifetime improvement are point of interest between manufacturers.
Understanding of physical processes that worsen the lightemitting diode quality and accelerate its degradation stimulates an improvement of LEDs fabrication technology. Degradation of LEDs usually is related with defects in device active structure [1] . Presence of the defects leads to the capture injected electron-hole pairs and their non-radiative recombination that lowers the efficiency of the light-emitting device and accelerates device aging [2] . The question, in which part of the structure defects appear, how they influence the device operation characteristics and how they behave during device aging, is always actual for any semiconductor structure. At this point, noise investigation gives valuable information and is useful for evaluating semiconductor device quality and predicting lifetime [1, [3] [4] [5] [6] .
Here we present comprehensive investigation of phosphidebased (AlInGaP) red light-emitting diodes operation (light output power and current-voltage) and noise (emitting-light power and the LED voltage fluctuations and their simultaneous cross-correlation factor) characteristics during device aging. The aim of the investigation was to clear up physical processes that take place during red LEDs aging and clarify origin of its degradation. are respectively the own noise components of electrical and optical noise measurement systems. The expression (1) allows obtain not only the magnitude of the cross-correlation factor, but also the correlation sign. Such presentation is very useful for further analysis of noise properties because it assumes that noise sources with 1/f, 1/f α and Lorentzian type spectra and shot noises are statistically independent.
II. EXPERIMENT DETAILS

III. RESULTS AND DISCUSSION
Typical current-voltage (IV) and light output power vs. , what shows on large contribution to current of diffusion component. Current deviation from exponential law at currents above 10 mA is due to series resistance of LEDs. At currents lower than 0.3 µA IV characteristic is determined by current flow through the narrow channels formed by defects, but not through the whole device cross-section. There are no changes of investigated LED IV characteristics during aging (Fig. 1) . Also, at operation currents larger than 1 mA the LI characteristics have no changes during LED aging (Fig. 2) . At smaller currents (< 0.1 mA) the light output power of investigated LEDs increased about 40 % after 2400 h of aging.
Red LEDs fluctuations at low frequencies are mainly characterized by 1/f α -type electrical and optical noises (Fig. 3 ). This type of noise is due to of many charge carriers generation-recombination (GR) processes in GR centers with widely distributed relaxation times [3] . These GR centers are formed by different defects and imperfections in the device structure, and can be located in the active area or other layers of the LED. At optical fluctuation spectra of investigated red LEDs at frequencies above 1 kHz "white" noise prevails 1/f α -type fluctuations (Fig. 3 ). Optical fluctuations with "white" spectrum are caused by shot noise due to emitted photons. At low forward current region (below 0.1 mA) there is observed electrical noise that decreases with forward current increasing (graph (a) in Fig. 4 ). This electrical noise is related with current flow at small current density conditions: current flows through the narrow channels formed by defects, not through the whole device cross-section.
Investigated red LEDs before aging demonstrate quite intensive electrical noise at current region from 1 mA to 100 mA (graph (a) in Fig. 4 ) that is slightly negatively correlated with optical fluctuations (graph (c) in Fig. 4) . Thus, it weakly influences the light-emitting process in the device active region: major part of the injected carriers recombine non-radiatively outside the active region. LED optical noise intensity increases with forward current increasing due to light output power increase (graph (b) in Fig. 4) .
Simultaneous cross-correlation factor between electrical and optical noises for investigated red LEDs before aging is close to zero (graph (c) in Fig. 4 ), what shows, that there are defects in lateral layers of LED structure, not in the active region, that mainly cause the electrical noise characteristics.
Noise characteristics of investigated LEDs have shown small changes during almost 2000 h aging: electrical noise intensity during this time of aging only at small currents (< 0.2 mA) slightly decreased, the low-frequency (at 75 Hz) optical noise level for investigated LEDs after 2000 h aging at medium operation currents from 3 mA to 20 mA decreased about 1.5-2 times.
However after approximately about 2400 h aging at current 350 mA some of investigated red LEDs began to demonstrate unstable operation. Optical and electrical noise intensity started to increase rapidly with forward current at current larger 20 mA (Fig. 4) . Also positive cross-correlation factor between optical and electrical fluctuations appeared (graph (c) in Fig. 4) . Large electrical and optical noise intensity increase was related only with 1/f α -type noise spectrum. In current range opt.
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f c (Hz) Figure 5 . Optical (opt.) and electrical (el.) noise spectra at different currents (I) after 2400 h aging, and cross-correlation factor between optical and electrical fluctuations in one-octave frequency band roct dependency on central frequency fc of octave filter (in insets).
from 25 mA to 100 mA the noise levels were very unstable (Fig. 4 , lined region): there were no repeatable noise measurement results by increasing and decreasing the current, though after 2400 h aging the average light output power in this current range was approximately the same as before aging (Fig. 2) .
A special attention was paid to correlation factor: simultaneous cross-correlation factor r was measured not only over frequency range from 10 Hz to 20 kHz, but additionally in every one-octave frequency band:
here the meanings of quantities are the same as in Eq. (1). The cross-correlation factor r oct in one-octave frequency band dependency on central frequency of octave filter f c at different currents is presented in insets of Fig. 5 Optical and electrical noise spectra after 2400 h aging at small currents (< 20 mA) are similar to that before aging (graph (a) in Fig. 5 ): electrical noise spectrum is 1/f α -type, optical noise spectra contain 1/f α -type (where α is close to 1) and shot noise components, and cross-correlation factor over measured frequency band and in every one-octave frequency band is small. At larger currents the levels of electrical and optical fluctuations, and positive cross-correlation factor at low frequencies (<1 kHz) extremely increase (graphs (b) and (c) in Fig. 5 ), but these intensive electrical and optical noises with 1/f α -type spectra (where α is close to 2) is unstable: they are different when current is increased or decreased. As shown in inset of Fig. 5 (graph (c) ) electrical and optical fluctuations with 1/f 2 -type spectrum are strongly correlated.
Such not repeating LED operation indicates that during long-time aging in device structure there appear unstable defects. Large correlation between optical and electrical noises shows that these defects are present in the LED active region or on its interface. Observed optical and electrical noise spectra type is characteristic for generation-recombination processes in recombination centers with large relaxation time. These defects act as non-radiative recombination centers that modulate charge carrier number in the active region and, therefore, emitted photon number.
So, some of investigated red LEDs after 2400 h aging at maximum permissible forward current (350 mA) at room temperature became unstable due to unstable defects appearing in the active region or its interface, that act as recombination centers and increases non-radiative recombination.
CONCLUSIONS
A comprehensive investigation of red LEDs characteristic changes during aging has been carried out. Large lowfrequency electrical noise level indicates on that in the LED structure there are many defects and imperfections. But it is shown, that large level of electrical fluctuations of LEDs is not related with defectiveness of the LED active layer, it is related with the charge carrier recombination and capture processes in defects outside the active region, and they weakly influence the emitted light power fluctuations.
Investigated red LEDs degradation is caused by the unstable defects appearance in the active region or on its interface. Presence of such defects reflects in the noise characteristics as additional intensive and strongly correlated optical and electrical fluctuations with 1/f 2 -type noise spectrum that is characteristic for generation-recombination processes. These defects act as non-radiative recombination centers and modulate charge carrier number in the active region, also, emitted photon number.
Investigation results have shown that noise characteristic measurement is more sensitive indicator to the red LEDs degradation: noticeable changes in noise characteristics can be observed earlier than they appear in static (light output power vs. current) LEDs characteristics. Thus, investigation of electrical and optical noises and their cross-correlation for red LEDs reveals the physical processes that take place in device structure and material, and gives valuable information for improving device design and technological process, allows device lifetime prediction.
